a i r f o i l s , and new materials evolving i n t o viable approaches for reducing a i r c r a f t mass, the conf idence i n accurately predicting the dynamic behavior o f f l e x i b l e a i r c r a f t incorporat? ng these advancements i s important. Because o f the potentially destructive nature o f f l u t t e r , the c r e d i b i l i t y o f modern f l u t t e r prediction techniques are o f incmasing concern to tho designer. To gain confidence i n the analytical tools and techniques employed, comparisons o f analytical results with those obtained from experiment are necessary.
Research efforts i n the past a t the NASA have been directed toward both developing analysis tools and correlation o f wind-tunnel test results with analytical predictions. Wind-tunnel tests I n the transonic region are :radi t i o n a l l y 1 i m i ted by model size, dynamic pressure (For aeroelastic tests), and effects o f interaction between the model and reflected shock waves. As a complement t o wind--tunnel tests, f l i g h t tests are being conducted i n a NASA program called Drones for Aerodynamic and Structural Testing (DAST).~ I n t h i s program, unmanneJ, remote-control 1 ed drone a i r c r a f t are used as testbeds f o r high r i s k research such as f l u t t e r tests.
Sane o f the objectives o f t h i s f l i g h t program are to explore the accuracy and limitations o f f l u t t e r predictions f o r a supercritical wing i n the transonic region and t o evaluate f l u t t e r suppression system (FSS) performance.
Reference 2 presents results o f one o f the f i r s t wind-tunnel tests o f a f l e x i b l e supercri t i c a l wing. The agreement between the measured f l u t t e r boundary and the calculated boundary ws very good except i n the c r i t i c a l transonic region. References 3 through 5 present results o f studies o f active control o f wing/store f l u t t e r for a f i g h t e r configuration. Some o f the comparisons o f analysis and experirwnt that are given show reasonably good agreement. Reference 6 presents results for an active f l u t t e r margin augmentati~n system for a conmercial transport w i t h a conventional wing. Comparisons between analysis and f l i g h t data are given i n terms o f transfer functions and damping/ frequencies and show good agreement. Wind-tunnel tests o f a cantilever aeroelastic wing model o f the present drone wing with an active f l u t t e r suppression system are reported i n Ref. 7. However, i n contrast t o the drone a i r c r a f t wing section reported here, the wind-tunnel model d i d not have a supercri t i c a l shape. This study showed good agreement f o r f l u t t e r mode frequencies f o r both the FM-off and FSS-on cases. Neither damping nor frequency response comparisons were made since these quantities were not experimental 1 y measured. I n sumnary, no f l u t t e r tests, either wind-tunnel o r f l i g h t , o f a supercritical wing configuration with active f 1 u t t e r suppression have been reported previously. This paper i s one o f three companion papers that describe various aspects o f the f i r s t few f l i g h t s i n the OAST program. ~dnards8 presents details o f the f l u t t e r t e s t technique development and the implementation o f the FSC on the vehicle. Bennett and ~b e i 9 present the ex~erimental frequency and damping estimates obtained using a postf l i g h t parameter estimation technique. This paper i s presented as an e f f o r t t o correlate the results obtained by various analytical techniques with the experimental results given i n Ref. 9. The study ranges from the comparison of open loop frequency responses t o the comparison of f l e x i b l e mode dampinglfrequency differences f o r both symnetric and antisymnetric motion.
I n addition, a description o f the anal.ytice1 technirues and mathematical models used i n the study are given. Bending stiffness o f the wing i s provided primarily by two steel spars located a t 25 percent and 60 percent o f the local wing chord. Torsional stiffness i s provided primarily by fiberglass skins which are attached t o the spars t o form the wing box. The fibers i n the skin are oriented p s r a l l e l and n o m l t o the wing e l a s t i c axis t o create a torsional stiffness which i s low enough t o allow f l u t t e r t o occur within the f l i g h t envelope. I n addition, a ballast i s added t o the outboard sect i o n a f t o f the t r a i l lng edge t o further reduce the f l u t t e r speed.
The drone has been modified t o improve cont r o l l a b i l i t y and acquisi t i o n of -esearch data. 
Anal v t i cc 1 Techniques and Mathemtical ttodel s Equations of Notion
The equations of motion are formulated through the conventional modal approach. The motion o f the vehicle i s described by a l i n e a r combination o f i t s free vibration modes. The forcing functions t o the system are both control and gust inputs. Therefore, the basic equations o f motion can be r i r i t t e n as A l l coefficients with the exception of the aerodynamic t s m i n these equations are independent o f time. The aerod namic force matrices are complex valued and norma f 1 y represented as tabular functions o f reduced frequency, k = cw/2V. To obtain a set o f constant coefficient d i f f e r e n t i a l equations, the unsteady aerodynamic force matrices are approximated by a rational polynomial i n the Laplace variable s This approach yields a "matched point" solution without the necessity o f cross-plottiny several density calculations as w i t h the conventional V-g f l u t t e r solution. The f l u t t e r boundary f o r the basic vehicle i s determined by performing the calculatiocs a t several Mach numbers.
FSS-On. An a1 ternate approach fm t h a t o f Ref. m~s l o y e d
t o fonnulate the FSS-on equations. To use t h i s appmch, both the actuator and control law models are w r i t t e n i n standald state-space fonn and then interconnected t o the basic vehicle equations. This approach i s used because i t requires the solution o f a much smaller order eigenvalue problem than the approach described i n Ref. 10.
A single control input and single sensor output w i l l be used t o i l l u s t r a t e t h i s technique, but the same technique can be extended t o mu1 t i p l e controls and sensors. The control law and actuator d y~l n i c s are normal l y represented by transfer functions which can be colnbined and w r i t t e n i n the form 
(4). I t i s important
t o note that when using t h i s approach the control displacement and i t s f i r s t and second derivatives must be made available as inputs t o the basic vehicle system. This implies that the transfer function needs t o be a t least t h i r d order t o obtain the higher derivatives and avoid any d i r e c t transf e r t e n from Yc.
The interconnection of systems i s most often described by the "state augmentation technique."l2 I n the present application, consider the systems described by Eqs. The wing f i n i t e element idealization includes the leading and t r a i l i n g edge structure which are modeled with elements providing stiffness only f o r trans1 ational degrees o f freedom. The spars and r i b s are modeled w i t h rods and shear elements. The fiberglass wing skins are modeled using shear elements with rods added to represent the membrane stiffness. The wing center section i s modeled w i t h beam and plate elements l y i n g i n a horizontal plane. The wing i s connected to the wing center section with single point connections a t the front and rear spars.
Elastic axis representations employing beam elements are used i n modeling the fuselage, vertical t a i l , ard horizontal stabilizer. The connections between the wing center section and the fuselage are defined by constraint equations relating translations a t the side o f body t o the motions o f the elastic axis a t the fuselage centerline. To simp l i f y the structural representation, appropriate center1 ine constraints are used t o define separately both symnetric and antisymnetric motion.
Ten symnetric and ten antisymnetric elastic modes were computed and used f o r analysis purposes. The symnetric modes cover a frequency range of 9.1 t c 105.0 Hz. The antisymnetric modes cover a frequency range o f 12.3 t o 80.7 Hz. A ground vibration test was performed on the vehicle t o measure both symnetric and antisymnetric modes and frequencies. A comparison between the measured and analytical frequencies i s presented i n Table 1. For both the symnetric and antisymnetric cases, the frequency o f mode 1 which i s primarily f i r s t wing bending i s underpredicted, and the frequency o f mode 3 which i s primarily f i r s t wing torsion i s overpredicted.
Unsteady Aerodynsni c Nodel
The unsteady aerodynamic matrices i n Eq. (1) are calculated usin the doublet l a t t i c e program i n the ISAC systen1.(4 The fraquency dependent unsteady aerodynamic prtssure distributions are calculated by subdividing each l i f t i n g surface I n t o an array o f streanuisc trapezoidal boxes. The wing and empennage sections are aerodynamically modeled as shown i n Fig. 2b . The model Includes 121 boxes for the wing, 14 boxes f o r the horizontal t a i l , and 8 boxes f o r the v e r t i c a l t a i l . The aerodynamic effect of the fuselage i s assumed t o be negligible. Eight boxes are used to model the wing control surface shorn by the shaded area. Unsteady aerodynamic forces are calculated f o r two r i g i d body modes, ten e l a s t i c modes, a control surface rotation, and a sinusoidal gust.
The aerodynamic l a g t e r n 8j used i n approximating the unsteady aerodynamics i n the s-plane are a r b i t r a r i l y selected from the range o f reduced frequencies f o r which the aerodynamic matrices (Eq. (1) o n t r i buted t o the reduction i n bandwidth. Furthermore, when the actuator was i n s t a l l e d i n the f l e x i b l e wing, the final bandwidth reduced t o approximately 55 Hz. At t h i s point a s i g n i f i c a n t e f f o r t was expended t o increase the bandwidth and resulted i n the implementation o f several notch f i l t e r s t o s t a b i l i z e high frequency (100-400 Hz) hydraulic modes.
Because o f these conpl ications , the o r i g i n a l actuator model was not used i n the analysis. Instead, ttce actuator model i s derived from a measured frequency response t o a one-degrte-amplitude sinusoid input w i t h the actuator i n s t a l l e d i n the wing. The measured frequency response data was curve f i t with a 6th order transfer function.
This resulted i n the f o l l c u i n g transfer function:
egistere trademark o f the National and Spae Admini stration the measured data. I t i s interesting that l a t e r studies indicate l i t t l e change i n the response characteristics with the inclusion o f airloads. However, a substantial decrease i n bandwidth and corresponding increase i n phase lag was observed when the response was measured f o r an 8' input amp1 i tude.
FSS Control Law
The FSS was designed by Boeing-Wichita under contract to NASA-Langley. A description o f the design o f t h~ i n i t i a l control law i s given i n Ref. 13. However, between the second and t h i r d f l i g h t s described i n Ref. 
Comparison o f Analysis w i t h F l i g h t Test Results

I t i s well known t h a t linear. thin-wing, p o t e~t i a l flow theory s t a r t s t o lose i t s v a l i d i t y when approaching the transonic region and i s therefore not able t o give satisfactory approximations t o the aerodynamic forces.
There are several empirical methods used t o improve the representation o f the aerodynamic forces i n t h i s region. Probably the most comnon method uses experimental steady-state aerodynamic force data. Using a r e l a t i v e l y straightforward approach, a correction factor, based on tCe steady-state 1 i f t curve slope (Ch), i s appl if to a l l unsteady aerodynamic force data. Specif l c a l ly, t h i s correct i o n factor i s obtained by c a l c u l a t i~g , a t each Mach number, the r a t i o o f experimental -to-analytical CL, f o r the vehicle. This correction factor i s then applied to the generalized aerodynamic force matrix by multiplying a l l elements by t h i s factor, which has an e f f e c t equivalent to increasing density. Figure 5b demonstrates the use o f the correction factor i t , the f l u t t e r analysis. The f l u t t e r Mach number i s shifted more toward the f l i g h t t e s t point resulting i n a better agreement. Consequently, the correction factor rill be used i n a l l a n a l~l t t c a l results presented.
The predicted f l u t t e r boundary and the f l i g h t test points f o r the FSS-off case are presented I n Fig. 6 for both s y m n t r i c and antisymnetric motion. The difference between the f l i g h t t e s t and pred i c t i o n a t constant a l t i t u d e i s approximately 0.02 t o 0.03 i n Mach number. There could be m n y reasons for t h i s dlfference, but a plausiole axpl anation that was examined i s the nonlinear behavior of the stiffness properties o f the fiberglass skins. Hore precisely, the shear modulus for the fiberglass skin was experimentally determined t o vary substantially (nearly 50 percent) with shear stress as shown i n Fig. 7 . Stnce shear stress increases, and therefore the shear mudulus decreases, as Mach number (dynamic pressure) i ncreases, t h i s e f f e c t could be important i n f l u t t e r predictions. Therefore, f l u t t e r calculationt (only f o r the symnetric case) were performed f o r a shear modulus variation of plus and minus 20 I?:-cent from the nominal value (GN = 0.58 x 101 ) The results o f thest calculations are also presented i n Fig. 6 . These parameter variations m r e than adequately bracket the data pc4:tts obtained from the f l i g h t tests.
Frequency and damping characteristics were obtained from two t l i g h t tests. The synmtetric and antisymnetric results shown i n Figs. 8 and 9 , respectively, were obtained from the f i r s t f l i g h t t e s t a t an a l t i t u d e o f 7.62 kilometers. The change i n frequency o f the bending (mode 1) and torsion (mode 2) modes w i t h Mach nunber were we1 1 predicted for both synmetric and antisynmetric motion. However, the damping, over the same range o f k c h numbers, was overpredicted by analysis f o r the f l u t t e r inode (mode 1 ) and underpredicted f o r the torsion mode (mode 2). From previous rmrks3,6 where damping was experimentally and analytically available, the analysis u~s a l l y overpredicted the damping o f the f l u t t e r node. This i s consistent with the results presented here. These differences require further investigation and t h i s discrepancy should be considered during any FSS design.
The frequency and damping of the dominant mode are presented f o r both the symnetric and antisymmetric cases i n Figs. 10 and 11, respectively. The analysis and experiment cormspond to the second f l i g h t t e s t a t an a l t i t u d e o f 4.57 kilometers. FSS-on results are presented only for the synnetric case. The change i n frequency with Mach number i s predicted well f o r both the FSS-off and FSS-on cases. However, analysis overpredicts the damping for both the FSS-off and FSS-on cases as i n the 7.62 kilometer results. The experimental f l u t t e r speed i s extrapolated to be approximately M = 0.80 f o r the FSS-off symnetric case (Fig. 10 ). An actual f l u t t e r point was encountered f o r the FSS-on case a t M = 0.82. The a n a l y s i~ overpredicts the FSS-off f l u t t e r speed by 4 percdnt and overpredicts the FSS-on f l u t t e r speed by 2 percent. The results a t H = 0.70 and 4.57 kilometers are plotted i n the form o f Nyquist diagrams p r c s e~t e d i n Figs. 12 and 13. Some smoothing was necessary t o reduce the observed scatter apparent i n the transformed (FFT) raw f l i g h t data. The lobes represent elastic resonance points i n the vehicle dynamics and the f a c t that the lobes i n the analysis do not coincide angglarly with the ones from the f l igh: data i l l u s t r a t e the phase differences between the tuo results. There appears t o be a better agreement i n frequencies for the synnretrical case than the antisynnetrlcal case when comparing selected frequency points of the two msults.
Concluding Remarks
A comparison o f analysis and f l i g h t t e s t data f o r a drone a i r c r a f t equipped w i t h active f l u t t e r suppression has been presented. A1 though absolute values o f the t e s t resul t o were not predicted, the analysis d i d p r e d k t the trends reasonably u e l l .
I n particular, modal frequencies w e n predicted with good success. Homver, f l u t t e r ,.Me damping was i n most instances overpredicted. The f l u t t e r speed was overpredicted by 3 t o 4 percent f o r the FSS-off case and overpredicted by 2 percent for the FSS-on case. This unconservatism I s believed t o be a r e s u l t o f the nonlinear torsional stfffness associated w i t h the shear modulus of the fiberglass skin and the aerodynamics o f the supercri t i c a l a i r f o i l . These results suggest m r e care i s needed i n modeling structures i n terms o f nonlinear propert ies and understand4 ng the aerodynamic lnechani sms which c o n t r i b~t e t o the differences behreen analysis and test. 
